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Three vital factors, namely environmental protection, savmgs m costs, and 

strength/durability benefits, make it advantageous to incorporate fly ash of controlled 

quality and composition in all concrete made from construction demolition (C&D) 

recycled aggregate. The specific objective of this research was to compare the 

performance characteristics of High-Volume-Fly-Ash (HVFA) structural concrete 

containing C&D aggregate with that of normal recycled aggregate concrete containing no 

fly ash. 

A coordinated experimental program was undertaken which comprised of ( 1) 

Compressive and Split Tensile strength tests; (2) ASTM durability tests by measuring 

resistance to chloride-ion penetration; and (3) Flexural strength tests on reinforced 

concrete beam specimens. Three mix designs were used, all of which had the same 

water/cement ratio of 0.45 and the same amount of recycled aggregate/yd3
. Mix 1 

contained cement and no fly ash, Mix 2 contained 16% replacement of cement by weight, 
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and Mix 3 contained 40% replacement of cement, called a HVF A mix. Results 

indicate that fly ash increases compressive strength, improves both moment carrymg 

capacity and tension resistance, and increases resistance to chloride-ion attack. 
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CHAPTER 1- INTRODUCTION 

1.1 Scope 

The purpose of this study is to determine the strength and durability characteristics of 

an innovative structural concrete mix. This mix uses crushed and demolished coarse and 

fine aggregate as well as Class F fly ash, which were chosen for several reasons. The 

reasons for their inclusion in the mix design, as well as the benefits of using such 

materials, are enumerated below. 

The first reason for using crushed and demolished aggregate (referred to as C&D 

aggregate from this point forward) pertains to the problem that it posed to waste 

management officials in charge of disposing demolition construction materials. A major 

percentage of demolition materials are due to demolished concrete and masonry 

buildings. By using this material in new construction, a renewable cycle is created that 

will divert this material from the landfill to a useful purpose. 

The second reason for using C&D aggregate is that that material contains Portland 

cement. When used as an aggregate, C&D may contribute to the amount of cementitious 

material in the mix design, and thus decreases the need for additional raw cement. In 

addition, it has been found by previous researchers that fly ash, when mixed with C&D 

aggregate, helps to remediate some of the strength properties lost by using recycled 

Portland cement-based mix [Poon, Kou and Lam, 2001]. 



The benefits of using these materials in a mix design~ besides the obvious ecological 

advantages, are the economic gain of using waste materials, which are cheaper than 

natural aggregates, as well as the availability of demolition materials in all major urban 

areas. Recycled concrete aggregate sells in the approximate range of $3.50 to $7 per 

cubic yard, depending on the specifications (size limitations) for the aggregate and local 

availability. [Toolbase, 2008]. This is about one half the cost of non-recycled aggregate 

used for construction purposes. In addition, the availability of demolition materials in the 

same geographical area as the demand for concrete aggregates, finds savings in 

transportation costs. Finally, cost savings are found when fly ash is included, which 

decreases the amount of Portland cement required in the first place, and is cheaper than 

Portland cement. 

An additional benefit of the inclusion of fly ash is its naturaJ tendency to resist 

chloride ion penetration. ln reinforced concrete members, steel reinforcement is 

generally used to carry the tensile forces of a loaded structure. By resisting Chloride lon 

penetration, the concrete encasing the reinforcing steel protects it from corrosion. 

It is possible that construction materials of the future will no longer need Portland 

cement or steel, thus creating a renewable resource cycle. Regardless, for at least the 

next century, urban developers will still need to decide which buildings are to be 

preserved, and which are to be demolished to make way for new structures. By taking 

advantage of this material now, the construction industry leaders can maximize their 

profits and more efficiently mold the cities of the future. 
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1.2 Background and literature review 

Over the past 60 years, research has been done on both the use of recycled aggregate 

in concrete and fly ash in concrete in isolation. More recently, research has been focused 

on the combined use of recycled aggregate and fly ash as a structural concrete. To take it 

one step further, this investigation will acquire data about the strength and durability of 

this particular mix design. For those reasons, it is necessary to look at all available work 

done in this field at present in the world. 

Three important contributions can be highlighted in the available literature today that 

lead up to the development of C&D aggregate as a viable material in construction. The 

first is the work done to standardize recycled C&D aggregate into a useful construction 

material undertaken by the Laboratorio Central de Estructuras y Materials (LCEM), 

Spain [Gutierrez and Sanchez de Juan, 2006]. The second was, although performed 

before LCEM's standardization, the methodology developed by Darmstadter Massivbau 

in the construction of two building projects made from recycled aggregate, '"Vilbeler 

Weg" and '"Waldspirale" in Darmstadt, Germany [Grubl, Neaten and Schmidt, 1998]. 

In performing the necessary literature search, data from the afore mentioned projects 

as well as additional information was acquired from a shared research database of 

European research institutions. This database is located at the Politechnika Szczecinska 

(Technical University of Szczecin) European Union research center in Szczecin, Poland. 

This library of research combines most ofthe work performed in Europe on the subject of 

recycled C&D aggregate for easy use by European and other interested researchers. 

Figure 1.1 is a photograph of the researcher at the European database center in Szczecin, 

Poland during the summer of2007. 
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Figure 1.1: Preliminary research done with the help of the Technical University of 
Szczecin (Szczecin, Poland) 

A major impetus in the recognition of C&D aggregate as a viable construction 

material was the inclusion of it in many of Austrian Architect Friedensreich 

Hundertwasser's projects, Restany (2000). One of Hundertwasser's most famous 

projects was built in the German city of Darmstadt between November 1998 and 

September 1999 named Waldspirale- "the Spiral Forest". The preliminary studies of the 

main concrete mixtures used an effective water-cement ratio of 0.59, and achieved 

compressive strengths as high as 7,592 psi (52.34 N/mm2
) [Grueb1, Nealen & Schmidt, 

1998]. Figure 1.2 shows a photograph of the "Waldspirale" building in Darmstadt, 

Germany as it looks today. 
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Figure 1.2 "Waldspirale" building designed using C&D concrete by Technical 
University of Darmstadt (Darmstadt, Germany) 

Although fly ash was included in the mix designs of the Waldspirale Project, 

discussions with the researchers (Andrew Nealen is currently a researcher at the 

Technical University of Berlin, 2007) concluded that no extensive testing was done 

regarding the benefits of fly ash as it combines with C&D aggregate in concrete. For this 

information, one had to look to findings done at the Hong Kong Polytechnic University 

in 2001. It was found that with a water-cement ratio of 0.60, fly ash decreased the 

compressive strengths from 7397.75 psi (51MPa) to 5,947.21 psi (41 MPa) after 28 days 

of curing. However, fly ash did improve the strength of the mix after 90 days of curing. 

[Poon, Kou and Lam, 2001]. Tills is simjlar to the known characteristics of fly ash in 

normal aggregate concrete. 

It is important to note at this point that no research data was found in either 

Europe or Chlna to confirm the result of increased curing times on the effect of fly ash in 

concrete using C&D aggregate. On the other hand, 90-day curing of illgh volume fly ash 

concrete is known to result in increased compressive strength using natural aggregates 

[Popovics, 1982]. One of the important impacts of tills study is the incorporation of the 
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difference in the 90-day compressive strength and 28-day compressive strength of high 

volume fly ash concrete using C&D aggregates. 

Another important note at this juncture is that virtually no research data are 

available to establish that fly ash helps concrete to resist chloride ion penetration, 

although a myriad of data can be found in regards to that effect in natural aggregate 

[Maslehuddin, 1987]. 

1.3 What is Recycled Aggregate? 

Conventional concrete aggregate consists of sand (fine aggregate) and various sizes 

and shapes of gravel or stones (coarse aggregate). However, there is a growing interest in 

substituting alternative aggregate materials, largely as a potential use for recycled 

materials. While there is significant research on many different materials for aggregate 

substitutes (such as granulated coal ash, blast furnace slag or various solid wastes 

including fiberglass waste materials, granulated plastics, paper and wood products I 

wastes, sintered sludge pellets and others), the only one that bas been significantly 

applied is crushed recycled concrete itself. 

Even though aggregate typically accounts for 70% to 80% of the concrete volume, it 

IS commonly thought of as inert filler having little effect on the finished concrete 

properties. However, research has shown that aggregate in fact plays a substantial role in 

determining workability, strength, dimensional stability, and durability of the concrete. 

Also, aggregates can have a significant effect on the cost of the concrete mixture. 
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The recycled aggregates used in this study were C&O waste sourced from a private 

recycling company named Sun Recycling, Inc. located in West Palm Beach, Florida. The 

C&D waste underwent a process of manual sieving to produce fine aggregate and coarse 

aggregate according to the particle size requirements of the American Concrete Institute 

(ACI -318). The selected crushed concrete rubble was sieved using the ASTM C 136 -

95a "'Standard test method for Sieve Analysis of Fine and Coarse Aggregates". In this 

investigation, the maximum nominal size of recycled coarse aggregate used was ~ in. 

SIZe. 

Certain aggregate parameters are known to be important for engineered-use concrete: 

hardness, strength, and durability. The aggregate must be "clean," without absorbed 

chemicals, clay coatings, and other fine materials in concentrations that could affect the 

hydration and bond of the cement paste. 

The Sun Recycling Corporation recycled C&O aggregate contains mainly old 

concrete rubbles, but also contains a small amount of natural stones, clay bricks, and 

other impurities such as small pieces of wood, tiles and metals. The constituents of the 

recycled aggregate used in this study are shown in Table 1.1 . 

Table 1.1 Constituents of recycled aggregate 

Material Constitutes by weight, % 

Old Concrete 98.0 

Natural Stones 0 

Clay Bricks 0 

Other impurity 2.0 
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The impurities were not removed before the experiment. The recycled coarse aggregate 

contained onJy old concrete. The properties of the recycled aggregate used in this study 

were tested according to American Concrete Institute methods and are given in Table 1.2. 

Table 1.2 Properties of recycled aggregates 

ACI 

Properties Value Limit 

Dry surface density (lb/cu.ft.) 147.95 n/a 

Water absorption (%) 4.91 n/a 

Ten percent fine value (kip) 28.8 >22.5 

Impact value (%) 13.1 <30 

Crushing value (%) 22.8 <30 

Acid soluble materials (%) 14.1 n/a 

Source: ACI Committee 555 

In the present study, the recycled fme and coarse aggregates were found to 

constitute a ratio of 1 part cement (or cementitious material) to 1.75 parts fme aggregate 

and 3.5 parts coarse aggregate by weight. The Table 1.3 shows the average particle size 

distribution of the recycled aggregate. (Poon, Kou and Lam, 2001]. 

Plotting the average sieve analysis data with percent finer m the y-axis and 

particle size on a logarithmic scale in the x-axis, we can see in figure 1.3 an acceptable 

gradation is present in the source aggregate. Figure 1.4 shows the variation in gradation 

of the aggregates from six randomJy selected samples. ln is clear that the gradation 

curves are in the same general area and there is minimal variance from sample to sample. 
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Table 1.3 Sieve analyses for particle size distribution. 

Sieve Sieve 
No. opening(mm) 

3/8in 9.5 
4 4.75 
8 2.36 
16 1.18 
30 0.6 
50 0.3 
100 0.15 
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Figure 1.3 Sieve analysis results of recycled construction demolition aggregate 
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Figure 1.4 Variation in particle size of recycled C&D aggregate from the source 

1.4 What is fly ash? 

It is important to note the difference between aggregate and cement, because some 

materials have found use, both as a cementitious material, and aggregate (i.e. certain blast 

furnace slag). Materials that have been researched or applied only as cement substitutes 

are cementious materials and fly ash is categorized as such. 

Fly ash or Pulverized Fuel Ash (PFA) is the most common artificial pozzolan, a 

substance containing aluminous and siliceous material that forms cement in the presence 

of water, used to replace Portland cement. Fly ash is a fine, glass-like powder recovered 

from gases created by coal-fired electric power generation. U.S. power plants produce 

millions of tons of fly ash annually, which is usually dumped in landfills. Fly ash is an 

inexpensive replacement for Portland cement used in concrete, while it actually improves 
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strength, segregation, and ease of pumping of the concrete. Fly ash is also used as an 

ingredient in brick, block, paving, and structural fills. This potential air-pollutant can 

now be utilized as a pozzolan replacement for Portland cement. 

Fly ash concrete was first used in the U.S. in 1929 for the Hoover Dam, where 

engineers found that it allowed for less total cement and decreased the heat of hydration. 

It is now used across the country. Fly ash consists mainly of silica, alumina, and iron. 

The fly ash particles are spherical and are approximately the same size as cement 

particles, and thus the silica is readily available for reaction. The spherical shape of the 

particles reduces internal friction, thereby increasing the concrete's consistency and 

mobility, permitting longer pumping distances. Improved workability means less water is 

needed, resulting in less segregation of the mixture. Also, fly ash cement itself is less 

dense than Portland cement, therefore it produces a concrete that is denser and results in a 

smoother surface with sharper detail. This is related to the fact that fly ash has a lower 

specific gravity (SG=2.52) than Portland cement (SG=3.15). 

Two types of fly ash have emerged from chemical analyses and characterizations: 

the ASTM class C (lime-rich, sub-bituminous) and class F (lime-poor, bituminous). High 

calcium fly ash (class C) does not require an external source of lime in order to produce 

cementitious properties. Produced from coal power plants found on the west coast of the 

United States, Class C fly ash is also resistant to expansion from chemical attack, has a 

higher percentage of calcium oxide, and is more commonly used for structural concrete. 

Thus high calcium fly ash is distinguished from the low calcium fly ash (class F) by its 

cementing properties. Class F fly ash, with particles covered in a kind of melted glass, 

greatly reduces the risk of expansion due to sulfate attack, as may occur in fertilized soils 
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or near coastal areas. It is produced from coal power plants situated on the east coast of 

the United States. 

The principal active constituent of class F fly ash is siliceous or alumino-silicate 

glass. The principal active constituent in class C fly ash is calcium alumino-silicate glass, 

Diamond (1983); Roy, Luke and Diamond (1984). Class C fly ash is obtained from 

lignite and sub-bituminous coals, whereas class F fly ash is obtained from bituminous 

coals. Throughout the rest of this investigation, class F fly ash is utilized because it is the 

most commonly available type in Florida 

The chemical activity of fly ash in Portland cement concrete is similar to that of 

the hydration of Portland cement The pozzolanic reaction is given by: 

CH + S + H ~ C-S-H (Calcium Silicate Hydrate) 

The reaction of fly ash continues to consume calcium hydroxide to form 

additional C-S-H as long as calcium hydroxide is present in the pore liquid of the cement 

paste. 

1.5 Advantages of fly ash concrete 

Strength: Fly ash-modified concrete gains compressive strength at a comparable rate as 

normal concrete and in addition, the gain in strength continues for a longer time. Figure 

1.5 illustrates the strength gain over time of the fly ash concrete. Note that improved 

strength is normally not achieved until after 35 days of curing. [Popovics, S. ACI 

Journal, Jan.-Feb. 1982] 
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Figure 1.5 Strength developments: control and fly ash-modified concrete 

Resistivity: The fine grains of fly ash fill the voids and react with the free lime to 

produce a surface that exhibits corrosion inhibiting properties and resists chloride-ion 

migration, thus rendering it less susceptible to spalling and cracking due to reinforcement 

corroston. 

Workability and Plasticity: The spherical particles of fly ash have a lubricating effect 

and help the concrete mixture flow through pumping lines and into place with less water 

added to the mix. 

Heat of hydration: Fly ash reduces the heat of hydration in mass concrete pours. This 

lowers the rate of heat development and thereby reduces thermal cracking. 

Acid and sulfate Resistance: Because of its higher density and lower porosity, fly ash 

concrete is more resistant to sulfate, acid and industrial chemical attack. 

Cost-Effectiveness: Fly ash concrete utilizes less cement and less water and maintains 

several advantages over regular concrete. 
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Table 1.4 gives details of the chemical and physical properties of the fly ash used in this 

investigation. 

Much of the applications mentioned are in regards to fly ash-modified concrete using 

natural aggregates. However, much more research is required in concrete technology 

when we want to apply it to recycled C&D aggregate concrete. In addition, the existing 

codes and testing procedures are sparse regarding C&D aggregate concrete. There are no 

standard regulations currently addressing the use of alternative concrete aggregate for 

engineered use I structural applications. Given a nonstructural application, codes and 

regulations generally do not deny use of an aggregate material that has no known 

deleterious effects on the finished concrete properties. Some state and local codes 

specifically address the use of alternative aggregate, for example the Washington State 

Department of Transportation. However, this should be verified on a project-by-project 

basis. [Toolbase, 2008] 
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Table J .4 Fly Ash test report (ASTM C-618-94) 

Chemical Analysis 

Fly ash source: Big Bend #2 

Monthly composite, August 2007 

Total oxides; silica, aluminum, iron: .... 81.89% 

Sulfur trioxide : ......................................... 3.00% 

Loss on ignition : 

.......................................... 2.95% 

Physical Analysis 

Fineness surface area .................................... 831 

(ASTM C-618) m2/kg 

325 mesh residue : 

................................... 19.35% 

Specific Gravity : ........................................ 2.52 

The fly ash covered by this test report meets 

ASTM C-618 specifications, Class F 

August 2007 

Source: Florida Mining and Materials Corp. 

1.6 Objectives of Experimental Program 

The main objective of this study is to evaluate the strength and durability of High

Volume-Fly-Ash (HVF A) recycled aggregate concrete and compares its performance 

with similar concrete with no fly ash. A secondary focus is to evaluate if structural 

concrete containing up to about 85% recycled materials can function as a viable 

construction material. The specific properties studied were deflection, electrical 

indication of resistivity to chloride ion penetration and strength with particular reference 

to corrosion inhibition. 

Specific objectives were as follows: 
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for the proposed recycled aggregate concrete: i) Mix with 0% fly ash; ii)Mix with 16% 

fly ash replacement; and iii) HVF A mix with 40% fly ash replacement 

I. to assess the compressive strengths of three mixes, 

2. to determine the impact of curing time on the effectiveness of fly ash in recycled 

C&D aggregate concrete. 

3. To determine and compare the flexural strength (first crack Moment) and the splitting 

tensile strength of the mixes, 

4. to determine and compare the energy absorption capacity, 

5. to evaluate the effect of fly ash on the durability of the recycled aggregate concrete 

based on its resistance to corrosion as determined by the ASTM resistance to 

chloride ion penetration test. 
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CHAPTER 2- MATERIALS AND MIX DESIGN 

2.1 Proportioning of concrete 

The challenges to concrete proportioning are in most cases surmounted only after 

significant field experience with a specific construction application. The key is to tailor 

the mix design to give the best results for both the generally acceptable characteristics of 

concrete in the field and the innate characteristics of recycled construction demolition 

aggregate. Selection of the concrete ingredients of suitable quality, as well as quantity, 

involves a balance between economic feasibility, place ability, workability, strength, 

durability, density and appearance. The specific objectives of the mix design will be to 

obtain the required proportions to conform to the specifications laid out by the American 

Concrete Institute (ACI) 318 code. Figure 2.1 shows a 50 lb bag of Type II Portland 

cement, as used in this study. 

2.2 Incorporation of fly ash 

There are various mix design methodologies commonly used for incorporating fly 

ash in concrete. Of these, the simplest is a direct partial replacement of Portland cement 

on an equal weight basis. This method has two major advantages. 

First, because of the lower density of fly ash, the volume of the cementitious 

mixture available to lubricate aggregates is increased, and consequently the flow ability 

of the mix is enhanced. Second, direct replacement of cement also has the added 
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advantage in that a comparison and contrast can easily be made to see the cost benefit of 

fly ash in the concrete mix, [Soroushian, 1987.] 

. ' 

Figure 2.1 Type III Portland cement used in all mix designs 

Another decision to be made is the percent replacement to be used. No 

conclusive data is available to predict the optimum replacement of cement with fly ash in 

a recycled C&D aggregate mix. However, tests have shown that, to give comparable 

workability, strength and elastic modulus, as concrete without fly ash, the optimum 

cement replacement is approximately 30%. With this as a basis, one can create a general 

hypothesis, and develop a test to determine the trends involved in the addition of fly ash, 

keeping in mind that admixtures such as lime can increase the effectiveness of Class F fly 

ash. 
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2.3 Water to Cement Ratio 

Probably the single most important aspect to this investigation was the 

development of an appropriate water to cement ratio for a specified mix design. Based 

on studies done during the building projects in Darmstadt, Germany mentioned in the 

literature review, a value of 0.55 was found adequate for normal Recycled C&D 

aggregate concrete without any fly ash added. However, it is also important to note that 

fly ash, when added to a normal concrete mixture, will tend to decrease the amount of 

water needed to create a workable mix design, [Popovics, 1982). ACI 318-05 

recommends a mix design for normal aggregate fly ash concrete with a wlc ratio of 0.40. 

Therefore, for this investigation, a specification of w I c ratio of 0.45 as a median value 

was made. An additional factor influencing the choice of w I c was the high exposure to 

sea water experienced in Florida. The Portland Cement Association (PCA) 1979 

recommendation for concrete exposed to sea water is a maximum water-cement ratio in 

normal weight concrete equal to 0.45, which is our choice. 

2.4 Properties controlling proportioning 

Water Content Correction factor 

Prior to formulating a complete mix design, it was necessary to calculate the 

water content of a specimen. First, a verification of the moisture content of the recycled 

C&D aggregate from the source chosen was undertaken. The equation for moisture 

content used is as follows: 

M . ( OlL -- ((B-A) ] X 100 msture ontent, :ro 
A 

(2-1) 

Where: B= weight of saturated surface-dry test sample, g 
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A = weight of oven-dry sample, g 

The results of the moisture test were as follows: 

2 

3 

Avg. 

w% 

7.2 

6.1 

7.3 

6.87 

The next step in the calculation of w/c is to determine how much water the 

recycled C&D aggregate is capable of absorbing and how that will effect the amount of 

water added in proportioning the mix. The ASTM C127 "Specific gravity and 

Absorption of Coarse Aggregate" and the ASTM C128 "Specific gravity and Absorption 

of Fine Aggregate" was followed and a value of 4.91% absorption was found [Gutierrez 

and Sanchez de Juan, 2006]. 

Finally, the water content can be found by subtracting the moisture content by the 

absorption to get a correction factor indicating the surplus of water present in the 

aggregate. In this investigation, a value of 1.96% was found. Referring to Figure 2.2, one 

can see the typical environmental exposure experienced by a recycled aggregate pile. 

Water content will be dependent on the storage conditions of aggregate and can vary 

from mix to mix. 
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Figure 2.2 Moisture content governed by the exposure on the C&D pile (Sun recycling, 
West Palm Beach, FL) 

Concrete Consistency 

Popovics ( 1982), identifies the slump test as probably the most widely used type 

of test for measuring consistency. In the United States and other countries, a 12 in. high 

cone is used with a base diameter of 8 in. and a top diameter of 4 in. The details of the 

test used in this investigation are found in the ASTM C 143-95 "Standard Slump test". 

This investigation found a average slump of 2 inches, which is within the acceptable 

range of the slump test [ I Y:z - 7 ]. Figure 2.3 shows the results of a slump test conducted 

in the Civil Engineering Materials lab at Florida Atlantic University. 
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Figure 2.3 Slump test result showing a slump of 2 in. 

2.5 Selection of aggregate 

For optimization of mix design, the best choice of particle size is that which will 

have the maximum amount of coarse aggregate and minimum amount of fine aggregate, 

while still maintaining adequate workability. However, the largest particle size should 

not exceed one-fourth of the smallest dimension of the concrete member; and three-fourth 

inch for the minimum clear distance between reinforcing bars in a reinforced concrete 

member. In this investigation, a maximum particle size of% in. was maintained. 
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Fineness Modulus vs. Fines Content 

The importance of the fine aggregate portion of the recycled C&D aggregate can 

not be understated. The reason for this is that in this investigation, no additional natural 

aggregate was used in the formulation of a mix design. The reason for this is that, by 

maintaining acceptable fmes content, one can maintain a reasonable ratio of fme 

aggregate to coarse aggregate. An additional check on the acceptability of the aggregate 

is the fineness modulus of the source aggregate, m. This value can be obtained using the 

equation that follows: 

(2-2) 

Where b = total percentage of the size fraction of aggregate retained on the ith member of 

the specified Tyler series of sieves. 

The results ofthis calculation using data from Table 1.3 gives a value of m = 2.52 

(Refer to Table 2. I). Figure 2.4 shows how the larger size aggregate does not pass 

through the sieve us in this study. A container full of aggregate after sieving and ready 

for mixing is seen in figure 2.5. 

Figure 2.4 Sieving of large particles from C&D aggregate 
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Table 2.1 Grading of Recycled C&D fme aggregate 

Sieve No. ASTM E Sieve 
Percent finer, 

100-
11 opening(mm) 

Sum(Rn) 

4 4.75 99.77 

8 2.36 45.29 

16 1.18 26.85 

30 0.6 16.37 

50 0.3 4.69 

100 0.15 0 

Pan 0 0 

Fineness Modulus 

ASTM C 33-95 Fineness Modulus m = 2.52 
"Requirements for 
Fine Aggregates" 

Figure 2.5 Grain size controlled to o/.t in. maximum by sieving C&D aggregate 
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2.6 Selection of fly ash 

One of the obstacles in the wide spread use of fly ash in concrete is its variability. 

No two fly ashes are exactly the same. The generally accepted method is to classify the 

fly ash in terms of its chemical and mineralogical composition, carbon content and 

particle geometry and grain size distribution. The most important part of the fly ash 

selection process is quality control. Poor performance qualities, a high degree of 

variability and a large number of impurities can create a poor quality concrete. The 

properties of fly ash, if not properly monitored, can also greatly impact the concrete ' s 

durability and make for continuous maintenance problems. 

The ASTM specification for fly ash cement was written m the 1950s, and 

amended in 1977 to include Class C fly ash from coal power plants on the west coast of 

the United States. Fly ash cement is an ASTM listed and approved material for use as a 

mineral admixture in mortar, patching, and structural concrete. Throughout this 

investigation, those ASTM Standards developed for Class F fly ash were used. Figure 

2.6 shows a nugget of bituminous coal, from which all class F fly ashes are a byproduct. 

Figure 2.6 An example of bituminous coal, from which class F fly ash is produced 

25 



2. 7 Mix design 

MIX #I: 0% Fly ash-Modified Recycled CD Aggregate Concrete: 

Volume = 1 cubic yard 

Design Strength = 5000 psi @ 28 days of curing [Bretschneider and Ruehl, 1998] 

Aggregate: 

Aggregate size = % in. maximum 

Fineness Modulus = 2.52 

Dry rodded unit weight = 147.95 lb/ft3 (2.37g/cm3
] 

Bulk specific gravity = 2.14 

Cement: 

Portland type Ill, non air entrained 

Specific gravity= 3.15 

Based on the ACI Standard 211, the solution to the mix design is as follows: 

For Mix# 1 (0% fly ash replacement) 

Step 1: required slump range is estimated as 1 in. - 4 in. as per ACI Standard 211. Therefore, the 

trial mix water is 305 lb/ cu.yd. as per ACI Standard 211 for specifications delineated 

above. 

Step 2: The ratio used for aggregate to w/c is as follows: 

Cement 

1 part 

Aggregate 

5.25 parts 

Water 

0.45 parts 

Where Fine aggregate= 1.75 part and Coarse aggregate= 3.5 part 

Total 

6.70 parts 

(2 to 1 Coarse to Fine achieved by controlling particle size distribution). 

To calculate the weight required Recycled CD aggregate 
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= 305 lb lcu.yd. water x 5.25 partsl0.45 parts= 3558.30 lb lcu.yd. 

Step 3: Apply moisture correction to water required using the formula: 

Moisture correction= Aggregate Req'd *(Water Content Corr. Factor= 0.0196) 

= 69.741b I cu.yd. 

Subtracting from original amount, we get: 305-69.74 = 235.261bl cu.yd. 

Step 4: Specified water to cement ratio is 0.45 (as mentioned above & as per PCA 1979) 

to calculate the required amount of cement, c: 

wlc = 0.45 wl0.45 =305 lb./cu.yd. 10.45 

~ c = 677.781b./cu.yd. 

MJX #2: Fa= 16% Fly ash-Modified Recycled CD Aggregate Concrete: 

Step 1 : Modification of the control by fly ash replacement is done in replacement by weight. 

Popovics, 1979 recommends the following proportioning by weight: 

wl(c+p) = 0.45 

Step 2: Using a replacement by weight of 16%: 

Weight of Cement+ Fly Ash= 305 I 0.45 = 677.78 lblcu.yd 

Therefore, weight of cement= 3.15 x 3.45 x 0.84 x 62.4 = 569.33 lb lcu.yd. 

Step 3: Weight of fly ash= 677.78-569.33 = 108.41blcu.yd. 

Step 4: Same weight of recycled aggregate is used, which can be verified by referring to 

the ratio of aggregate per 0.45 parts of water: 

= 305 lb lcu.yd. water x 5.25 partsl0.45 parts= 3558.30 lb lcu.yd. 

MIX #3: Fa = 40% Fly ash-Modified Recycled CD Aggregate Concrete: 

Step 1: Modification of the control by fly ash replacement is done in replacement by weight. 

Popovics, 1979 recommends the following proportioning by weight: wl( c+p) = 0.45 
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Step 2: Using a replacement cement by fly ash of 40 % by weight 

Weight of Cement + Fly Ash= 305 I 0.45 = 677.78 lblcu.yd 

Therefore, weight of cement= 3.15 x 3.45 x 0.6 x 62.4 = 406.78 lb leu. yd. 

Step 3: Weight of fly ash= 677.78- 406.78= 271.00 I cu.yd. 

Step 4: Same weight of recycled aggregate is used, which can be verified by referring to 

the ratio of aggregate per 0.45 parts of water: 

= 305 lb lcu.yd. water x 5.25 partsl0.45 parts = 355830 lb lcu.yd. 

Referring to Figure 2. 7, the components of the mix were put into a mechanical 

concrete mixture, as is done on most commercial construction sites, for the purpose of 

demonstrating its flow ability and consistency characteristics. Aggregate, cement and fly 

ash (when applicable) were put into the mixer first, to create an even distribution of 

ingredients. Afterwards, water was added, in stages, until the mix was fluid. The 

consistency was just beyond the plastic state and what fluid enough to be poured with the 

assistance of a vibrator and/or tamping rod. 

Figure 2. 7 Mix performed in typical concrete mixer 
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Table 2.2. Concrete mix details 

MIX w/(c+p) *Water Cement Fly Ash Recycled Total 

DESIGN# ratio [lb/cu.yd.] [lb/cu.yd.] [lb/cu.yd.] Aggregate Weight 

[lb/cu.yd] [lb/cu.yd .] 

1 (0% 

F.A.) 0.45 305 677.78 0 3558.3 4471.34 

2 (16% 

F.A.) 0.45 305 569.33 108.4 3558.3 4471.34 

3 (40% 

F.A.) 0.45 305 406.78 271 3558.3 4471.34 

*Note: Water addition is actually 305-69.74 = 235.26lb/cu.yd. 

As can be seen in the Table 2.2, a savings of 108.15 lbs. and 270.90 lbs. in Portland 

cement is made for 16% replacement and 40% replacement, respectively. 
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CHAPTER 3- THE EXPERIMENTAL PROGRAM 

3.1 Introduction 

The experimental program calls for the preparation of specimens for compression, 

flexure, split tension and resistance to Chloride-Ion penetration. A total of (i) 18 

cylinders, 6" x 12", where tested under compression; 9 cylinders after 28 days of curing & 

9 cylinders after 90 days of curing. A total of 9 beams, 30" x 6" x 6" were tested under 

third-point loading until first crack condition was reached. A total of (ii) 9 cylinders, 

6"x 12", were tested under split tension and (iii) 9 cylinders, 6"x 12" went through ASTM 

C 1202-94 "Standard Test Method for Electrical Indication of Concrete' s Ability to 

Resist Chloride Ion Penetration". The experimental program is summarized in Table 3.1. 

Table 3.1 Experimental Program 

Type of Test ASTM Standard followed Environmental Exposure 
Specimen 

Cylinders ASTM C39 Standard Curing in water for 28 and 90 
6" X 12" Compression test days 

Beams Modified ASTM C78 4-3'd 90 days curing in water 
30" X 6" X 6" point loading 

Cylinders ASTM C496 Splitting 90 days curing in water 
6" X 12" Tensile test 

Specimens ASTM C1202 Ability to 6 hours of exposure to 
6 in. Resist Chloride lon Chloride and Electrical 
diameter Penetration Voltage Difference 
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3.2 Specimen design 

The cylinders for compression, Split Tension and Chloride-Ion testing were cast 

using plastic molds. They have a 6 inch diameter and are 12 inches in length. 

The beams were doubly reinforced, 6" x 6"x 30" with #2 rebar on the top and #3 

rebar at the bottom, with stirrups made with gage 16 wire. Nine stirrups wee used in 

every beam, at 3.375" spacing. This was found to be adequate to provide shear 

reinforcement as per the design calculations (Appendix lll). Figure 3.1 shows details of 

the reinforcement arrangement used to cast the 30"x6"x6" beams used for testing. A one 

and a half inch cover was to be maintained for the beams. 

T 
6" 

l 

l 

16Ga stirrup 
\. 

\ 

" 1.5'' 

425" I . I 
0 

#3 /ebar 

I 1/ I I I I I 
30'' 

;]_ er- 1.1 25" 
t--- 6 .. ----+ 

Figure 3.1 Reinforcement arrangement 

I 

The forms for the beams were made from wood, coated in a special form release 

and bond inhibitor to prevent absorption of water by the forms as well as to ease in 

stripping of the beams after pouring. Figure 3.2 shows the application of the form release 
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agent prior to pouring. The form release agent requires at least 2 hours of set time and 

concrete must be poured less than 24 hours after applying agent. 

Figure 3.2 Form release agent used on both cylinder and beam forms 

When casting the cylinders for the compression and split tension testing, the ASTM C 

190-90 '"Standard practice for Making and Curing Concrete Test Specimens in the 

Laboratory" was followed. 

To fabricate the rebar cages, rebar was first cut and prepared. A holding device 

was created out of Styro-foam and the rebar was inserted at the specified spacing. The 

stirrups were than able to be twisted around the rebar without losing the desired spacing. 

A curing center was set up using Rubbermaid products that can hold water 

without evaporation or disturbance for a 90 day period. The specimens were kept at 

room temperature for the duration of curing and removed from the tanks just before 

testing, that way insuring complete saturation was achieved during hydration. 

Figures 3.3 thru 3.5 show the sequence of events during the pouring of the 

cylinder specimens. First, the concrete was poured into the molds and tamped using a 
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tamping rod. Second. the cylinders were allowed to cure over night in the molds. The 

following day, the concrete cylinders were stripped from the molds and put in the curing 

tanks. The cylinders were completely submerged in fresh potable water for the duration 

of the curing process. 

Figures 3.6 thru 3.12 show the process of creating the beam specimens. First, the 

forms were created by cutting wood to achieve the exact inside dimensions of 6in. x 6 

in.x 30 in.. Second, the rebar and shear reinforcement were produced using the Styro

foam jig, to maintain the spacing. After applying the release agent, the rebar is placed in 

the forms to be cast into the concrete. The concrete is poured in the molds, constantly 

tamping as the layers of concrete are applied. The top surface was flattened with a trowel 

to allow a smooth contact surface for the tlrird point steel balls to make contact with. 

After 24 hours, the beam is stripped from the mold and put in the curing tanks. Again, 

only clean potable water was used and the specimens were submerged for the qwation of 

the curing process. 
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Figure 3.3 Six inch diameter specimen being poured 

Figure 3.4 Six in. diameter specimens ready for curing tank 
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Figure 3.5 Six inch diameter specimens curing in tank 

Figure 3.6 Forms being built for 6"x6"x30" beam 
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Figure 3.7 Shear reinforcement being twisted onto reinforcing bars 

Figure 3.8 Forms and reinforcement ready for pour 
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Figure 3. 9 Buffing and smoothing beam after pouring 

Figure 3.10 Final beam after stripping of forms, ready for curing in tank 
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Figure 3 .ll Beams being fully immersed in curing tank 

Figure 3.12 Curing Arrangement for Beams and Cylinders 
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3.3 Testing 

The first 18 cylinders were compression tested at the end of 28 and 90 days of 

curing according to ASTM C39-94. The results are presented in Chapter 5. The beams 

were all cured for 90 days before tests were run. A total of 9 beams were made, and 

testing was conducted until first crack condition. The test method and results are 

presented in Chapter 6. 

Another batch of 9 cylinders were cured for 90 days and tested in Split tension. 

The results of these tests are presented in Chapter 7. And lastly, a fmal batch of 9 

cylinders was tested for the concrete's resistance to Chloride-Ion penetration. The test set 

up, conceptual details and results are presented in the preceding chapter. Figure 3.13 

shows the test machine used for all compression and flexure testing. It is a Gilson 

Testing, Inc. 200,000 lb capacity compression testing machine with steel cage protection 

and a digital read-out of force exert~ in pounds. 

Figure 3.13 Gilson 200k Compression testing machine used for all tests 
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CHAPTER 4- RESISTANCE TO CHLORIDE-ION PENETRATION 

4.1. Corrosion of steel in concrete 

Corrosion in embedded steel reinforcement is a complex chain of events. The 

environmental factors that attribute to corrosion in carbon-steel depend on the ability for 

oxygen to oxidize the steel in an aqueous solution. In additio~ the electrolytic and 

chemical complexity associated with reinforcement in concrete, must be understood. 

Corrosion in embedded steel is an electrochemical process that results from a 

difference in charges in a solution. Chloride, found in marine environments, can cause 

concentration cells, making some parts of the reinforcement anodic and others cathodic. 

The typical reactions of anode and cathode are as follows: 

i) Surface of anode: 2Fe ~ 2Fe2
+ + 4e-

ii) Surface of cathode: 02 + 2H20 + 4e- ~ 4(0H)-

iii) Vicinity of anode, Mehta (1982), 2Fe2
+ + 4(0H)- + 'l2 02 + H20 ~ 2Fe(OH)J. 

Corrosion' s main destructive result is the cracking and spalling of concrete, which 

if occurring in compression members such as columns, can cause very expensive repair 

methods to be undertaken. Damage is a direct result of the accumulation near the steel

concrete bond interface of solid corrosion expansion and the consequential development 

of tensile hoop stresses, Grimes ( 1979). 

The conversion of iron to rust, denoted Fe(OH)3 involves a volume increase ofthe 

steel in a magnitude of 6-7 times. The iron embedded reinforcement is normally 
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protected against corrosion due to the presence of surface stability caused by the hydrated 

Portland cement paste, which creates an alkaline environment. The Ca(OH)2 is present in 

a passive oxide film. 

Penetrating Chloride-Ions have the special ability to destroy this passive oxide 

film. Carbonation from atmospheric C02 also results in reduction of alkalinity of the 

cement paste. 

4.2 Objective of resistance investigation 

The test method covers the determination of the electrical conductance of 

concrete providing a rapid indication of its resistance to the penetration of chloride ions. 

This method is adapted from ASTM C 1202-94 and is a good approximation of AASHTO 

T 259 test procedures relating the long-term effect of chloride ponding on slabs cast from 

the same concrete. However, the results from this test on some concretes indicate low 

resistance to chloride ion penetration, while 90 day chloride ponding tests on companion 

slabs show a higher resistance. Therefore, this test is conservative and a long term 

AASHTO test would augment any fmdings in this investigation. 

4.3 Experimental Setup 

This test method consists of monitoring the amount of electrical current passed 

through a 12 in. concrete specimen with a 6 in. nominal diameter during a 6 hour period. 

A potential difference of 60 V DC is maintained across the ends of the specimen, one of 

which is immersed in a Sodium Chloride solution, the other in a Sodium Hydroxide 
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solution. The total charge passed, in coulombs, has been found to be related to the 

resistance of the specimen to chloride ion penetration. 

An applied voltage cell was constructed using two symmetric polymethyl 

methacrylate (Plexiglas) chambers, each containing electricaUy conductive Wire and 

external connectors. Figure 4.1 shows a construction drawing for the voltage cell. The 

entire length of the specimen is 12 inches. The two ends are inserted into the two voltage 

cells a distance of 5 inches. This leaves a 2 in. travel distance from one voltage ceH to 

the other, as per the ASTM Cl202. 

FILLING HOLE 

I I 

8 in. 1----S ln.---t 

Figure 4.1 Applied Voltage Cell (construction drawing) 

Test spectmens are 6 in. diameter cylinder cast and cured in the laboratory 

following procedures in Practice ASTM C 192. After allowing specimens to surface dry 
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in air for at least I hour, a rapid setting coating is brushed onto the side surfaces of the 

specimens and allowed to cure. This insures that the direction of chloride ion flow will 

be along the axis of the cylinder. Specimens are then placed back into water and soaked 

for approximately 18 hours. 

4.4 Test procedure 

The specimens are removed from the water tank and surface blotted to remove excess 

water. The specimens are mounted into the Applied Voltage cells (see figures 4.2-3) and 

sealed using a silicon rubber caulk to the Plexiglas. One cell is then filled with 3.0% 

NaCl (sodium chloride) solution and the other with 0.3N NaOH (sodium hydroxide) 

solution. The sodium chloride cell is then connected to the negative terminal of the 

power supply and the sodium hydroxide cell is connected to the positive terminal. The 

electric block diagram is presented in Figure 4.4. The power supply is a 110/120 V AC 

supply that is transformed to DC current using a Motorola 8623 AC/DC transformer. 

The charge is then passed through a General Electric 60 VDC capacitor to increase the 

Voltage difference to the required constant value. 

Figure 4.5 show the test setup with capacitors and copper rings clearly visible. Read and 

record the current at least every 30 minutes. The voltmeter being used contains a shunt 

resistor for the current reading, See figure 4.6. A internally built in scale factors the 

voltage reading to amperes. After a 6 hour regime, the test is terminated. The Specimen 

is removed and rinsed in tap water. Note, due to the highly volatile nature of the 

chemicals used in this experiment, and the fact that complex electrical circuitry was also 

required, special care had to be taken to prevent a both chemical spills and frre. Also, the 
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capacitors, seen in figure 4.7, had to be protected from accidental spill because of the 

electrical charge being stored during testing. 

Figure 4.2 Fabrication of Applied Voltage cells from plexi-glass 

Figure 4.3 Cylinder specimens being fit into testing cells 
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Figure 4.4 Electric block diagram 

Figure 4.5 Test Setup for Chloride Ion Penetration test 

45 



Figure 4.6 Voltage reading from the gage. (Current can also be read from this instrument 

as well.) 

Figure 4.7 Capacitor enclosed in plastic jacket to protect from chloride attack 
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4.5 Experimental Results 

A plot of current (in amperes) versus time (in minutes) can be created from the table of 

recording data found in Appendix I. Figure 4.8 shows the current versus time plot 

Integration of the area underneath the curve gives the ampere-seconds, or coulombs, of 

charge passed during the 6 hour test period. 

Results are reported in charge passed, in coulombs. The equation used is: 

(4-1 ) 

The ASTM test designates a 4 in. nominal diameter specimen as the standard size 

cylinder used, but provides for an equation to adjust the test results to a 6 in. diameter 

cylinder. The adjustment is made by multiplying the value established in the test results 

by the ratio of the cross-sectional areas of the standard and the actual specimens. The 

correction factor equation is as follows: 

(4-2) 

Table 4.1 gives a summary of the charge passed over the 6 hour period for the 40% fly 

ash replacement specimen and the 0% fly ash replacement specimen. As can be seen, the 

fly ash specimen has significant advantage in resisting the charge passing through. The 

difference is 7-10% reduced charge conductivity. Both figure 4.8 and Table 4.1 confirm 

that HVF A recycled aggregate concrete has significant (nearly double) the resistance to 

chloride ion penetration and therefore is highly advantageous to the protection of the 

embedded steel from corrosion. 

Also, one can see from figure 4.9 that the difference in charge passed is 

consistently lower for the 40% fly ash replacement specimen. However, the reduction % 

steadily decreases from 10.4% to 7.1% as time goes on, Figure 4.10. This indicates that 
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the benefits of fly ash on the penetration of chloride ions diminish as time goes on. 

However, as was stated earlier in the chapter, this test is an approximation of the long 

term effects of ponding on a concrete slab as per the AASHTO T259, therefore for a long 

duration test, the benefits of HVF A recycled aggregate would be apparent as there would 

be significantly less chloride penetration into the slab (at least 7% reduction). 

0.09 
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0.07 -"' 0.06 ~ 
I. 
~ 
c. 
6 0.05 
eo: --- 0.04 = ~ 
I. 
I. 

= 0.03 
u 

0.02 

0.01 

0 

.. 
:. :· ...... , .. ,.~,~~ .. ~. 

,, . . ' 
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Time (minutes) 

• O% fly ash 

40%fly Ash 

Figure 4.8 Current versus time for 0% fly ash replacement and 40% fly ash replacement 
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Table 4.1 Results of chloride penetration (Charge passed is in coulombs) 

40% fly ash 0% fly ash 
Time Charge Charge Reduction in Difference, 
(sec.) Passed Passed Penetration, % (Coulombs) 

0 4.25 4.74 10.43 0.49 
30 19.41 23.57 17.66 4.16 
60 45.11 51.63 12.61 6.51 
90 71 .13 80.05 11.14 8.91 
120 97.76 108.72 10.07 10.95 
150 124.63 137.64 9.44 13.00 
180 151 .85 167.03 9.09 15.18 
210 179.74 196.75 8.64 17.01 
240 208.25 226.91 8.22 18.66 
270 236.88 257.10 7.86 20.22 
300 265.57 287.30 7.56 21 .70 
330 294.19 317.56 7.35 23.36 
360 322.96 347.76 7.13 24.79 

Figure 4.9 shows a bar chart of the difference over 6 hours between the chloride 

ion penetration of the two mix designs. 

Table 4.2 shows the ASTM categorization for materials passing charge. It can be 

seen that regardless of fly ash content, the material is categorized as "Very Low" in 

penetrability. However, this difference over time would have long term benefits on the 

longevity and integrity of the reinforced concrete member it is used in. 

Table 4.2 Chloride ion penetrability based on charge passed. 

Charges Passed {in Chloride lon 
Coulombs) Penetrability 

>4,000 High 

1,000 - 4,000 Moderate 

1,000 - 1,000 Low 

100-1,000 Very Low 

< 100 Negligible 

Adopted from ASTM Cl202-94 
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CHAPTER 5- COMPRESSIVE STRENGTH TESTING 

5.1 Introduction 

Compressive strength is the maxtmum compressive stress that a material is 

capable of resisting. For a brittle material that fails in compression by rupturing, the 

compressive strength has a definite value. A stress-strain diagram can be developed for 

ductile and non-ductile materials in compression. Figure 5.1 shows a typical stress-strain 

curve. The non ductile line represents the behavior of concrete. The dashed line 

indicates the true stress-conventional strain relation. In compression, the stress is lower 

because the cross section of the specimen increases while under compressive load. 

1 
I 

(I) 
(I) 
tb .... ..... 
(/) 

ductile 

non ductile -
/ 

/ 

Strain-> 

Figure 5.1 A typical stress-strain curve. 
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5.2 Significance of compressive strength 

The compressive strength of concrete is one of the most important and useful 

properties and one of the most easily determined. Concrete is usually designed to be in 

compression. This is because of the fact that concrete is relatively weak in tension and 

shear. In fact, the compressive strength of concrete, denoted f c, is usually used to relate 

to the tensile strength or shear strength by a correlating equation. Also, the modulus of 

rupture of the concrete is measured as a function off c-

5.3 Main objective 

The goal of this phase of the investigation is to evaluate the effect of fly ash on 

the compressive strength of recycled CD aggregate concrete and strength development 

over time. Three mix designs were tested, a control, a low volume fly ash ( 16% 

replacement) and a high volume fly ash ( 40% replacement). These were compared at 28 

day strength and 90 day strength. 

As mentioned in Chapter 2, the fly ash replacement of Portland cement was by 

weight However, we can also use the term "low volume" and "high volume" to denote 

the presence of a fly ash in the mix as it is a part of the absolute volume of cementitious 

material. [Popovics, 1979] 

5.4 Compressive strength and rate of strength gain 

Fly ash may contribute to the strength of recycled aggregate concrete in three 

ways: 

i) by reduction in water content needed for a specified slump 

52 



ii) by increasing the volume ofthe paste in the mixture 

iii) by added pozzolanic reaction as per ACI SP-91 

It is generally accepted that the effect of fly ash changes with the age of concrete 

[Popovics, 1982]. For example, a 7 day or 28 day strength fly ash specimen in normal 

aggregate concrete has less strength than that of its control 0% replacement specimen. 

This, however, is not necessarily the case with recycled aggregate concrete, as this type 

of mix design is less commonly studied. On the other hand, both normal and recycled 

aggregate concrete are known to have strength improvement properties with fly ash 

replacement after 90 days of curing [Rayan, 1984]. 

The reason that recycled aggregate concrete with fly ash replacement experiences 

strength improvements regardless of curing ages can be explained as follows. The 

Portland cement in the concrete mix is a combination of two different Portland cement 

sources. The first is the added Portland cement (virgin) that is a part of the mix 

proportioning. The second is the old Portland cement (used) that is a part of the recycled 

aggregate. The old Portland cement has passed its rate of strength contribution and the 

pozzolanic activity of the fly ash contributes to increased strength gain at all ages, if the 

concrete is kept moist Therefore, fly ash concrete will always provide a "boost" to the 

strength properties of the concrete because there will always be a deficiency in the used 

Portland cements pozzolanic abilities. In addition, fly ash of Class F is known to be 

Calcium-deficient and the presence of old Portland cement gives the fly ash its necessary 

Calcium Hydroxide necessary to induce pozzolanic effectiveness. 

Tests comparing normal, virgin aggregate concrete, with and without fly ash, 

show significantly higher performance for the fly ash concrete at ages up to ten years, 
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Mather( 1965). Therefore, the ability of fly ash to improve the ultimate strengths has 

made it a very useful component in the production of high strength concrete. Schmidt and 

Hoffman ( 1975). 

A word of caution must be said in regards to the relative unknowns surrounding 

the mechanics of the fly ash contribution. First of all, the quality of concrete is not a 

constant and the nature of the old Portland cement, the water-cement ratio used and the 

inclusion of impurities in the aggregate, can cause batches of poor quality. SecondJy, the 

amount of benefit can vary from batch to batch for factors yet unknown and due vigilance 

must be taken to insure proper quality control in the production of fly ash recycled 

aggregate concrete. 

This investigation shall shed some light onto the quantitative benefits of fly ash in 

recycled aggregate concrete by way of a series of strength tests. The use of Class F low

calcium fly ash shows exceptionally show rates of strength development and should give 

a conservative estimate of fly ashes contribution. 

5.5 Experimental program 

For compression testing, the standard U.S. cylinder sizes are 4 in. diameter and 6 

in. diameter cylinders with a height twice the diameter. It is common practice in the 

laboratory to limit the particle size of the aggregate to prevent honeycombing of the 

concrete mix and reduction in compressive strength due to premature cracking and 

localized failure. 
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Table 5.1 Maximum Particle size as per ACI Standard 

Max. Diameter Height 
aggregate (in.) (in.) 
size (in.) 

0.75 4 8 
1.25 6 12 

The purpose of using cylindrical compresstve spectmens made in the lab is that in 

research such as this, the effect of variations in materials or conditions of curing must be 

determined. This insures that a solid knowledge of the material ' s performance is known 

prior to its use in the field. 

The ASTM Standard Cl92 was followed in cunng the spectmens m the 

laboratory. Four sets of cylindrical specimens were cast, two sets for compression 

testing, one for splitting tensile testing and one set for the resistance to chloride ion 

penetration, discussed in the previous chapter. 

The procedure followed is based on the ASTM C39 Standard and is presented as 

follows. Compression tests were made as soon as practicable after removal of specimens 

from moist storage. The specimens were tested in the moist condition 

Step One: The bearing faces of the upper and lower bearing blocks are wiped clean 

Step Two: Specimen is placed on the lower bearing block. 

Step Three: Alignment is assured of the specimen axis parallel to the seating and the load 

is adjusted so it is uniform. 

Step Four: The upper bearing block is brought to bear on the specimen. Again, the load 

is adjusted to insure uniformity. 

Step Five: A load is applied at a loading rate of 20 - 50 psi/sec. with an expected time to 

failure of 2 -5 minutes. 
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Step Six: Load is applied until failure. The failure maximum load and failure type are 

recorded. 

Figure 5.2 show the test set up just before compression testing. Steel caps with rubber 

grommets at the ends are used to prevent any local cracking at the ends due to slight 

imperfections in the cylinders and thus premature failure. The data is read in force 

applied in compression, in pounds. The digital readout is seen in figure 5.3. 

Figure 5.2 Test Setup (Gilson 200k) 

Figure 5.3 Computer readout 
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5.6 Test results and discussion 

Figure 5.4 shows the different types of breaking commonly observed in 

compression testing. Figures 5.7 thru 5.13 show the specimens before and after testing. 

Figures 5.14 thru 5.15 show the three different types of failure observed during testing. 

Cone, Shear and Cone+Shear were the most common types of break noticed. This is 

consistent with the fact that a fair amount of aggregate is present in the specimen to 

prevent most columnar or split type failure. Table 5.2 and 5.3 summarize the maximum 

load experienced, failure type at that load, and corresponding compressive stress 

(strength) at failure. 

The results of this investigation are plotted in Figures 5.5 and 5.6 for fly ash 

replacement and curing age. As can be seen in figure 5.5, there is a steady trend in 

strength increase with replacement of fly ash. Further testing could be done to determine 

at what percefllage of fly ash replacement the benefits would taper off. Referring to 

Figure 5.6, the increase in strength as a function of curing time was to be expected. 

Conversely, the recycled aggregate, as stated earlier, experienced increased strength at 28 

day curing with fly ash replacement, which is the opposite of what is experienced with 

normal aggregate concrete. 
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Table 5.2 28-day Compression Test results 

Maximum Compressive Stress, 
Specimen _{lbs.) Failure T_ype j>_Si 

0% 
#1 78,000 Shear 2758.76 
#2 97,500 Shear 3448.45 
#3 85,500 Cone 3024.03 

AVG. 87,000 Shear 3077.08 
LVFA 

#1 66,000 Cone+ Shear 2334.34 
#2 121,500 Cone+ Shear 4297.31 
#3 78,000 Shear 2758.76 

AVG. 88,500 Cone+ Shear 3130.13 
HVFA 

#1 121 ,500 Shear 4297.31 
#2 109,500 Cone 3872.88 
#3 114,000 Cone 4032.04 

AVG. 115,000 Cone 4067.41 

Table 5.3 90-day Compression test results / 

Maximum Compressive 
Specimen (lbs.) Failure Type Strength, psi 

0% 
#1 87,000 Cone+ Shear 3077.08 
#2 88,500 Cone+ Shear 3130.13 
#3 97,500 Cone+ Shear 3448.45 

AVG. 91 ,000 Cone+ Shear 3218.56 
LVFA 

#1 112,500 Cone+ Shear 3978.99 
#2 99,000 Cone 3501 .51 
#3 100,500 Cone+Shear 3554.56 

AVG. 104,000 Cone+ Shear 3678.35 
HVFA 

#1 150,000 Cone 5305.32 
#2 99,000 Cone 3501 .51 
#3 138,000 Cone 4880.89 
#4 124,500 Cone 4403.41 
#5 143,250 Cone 5066.58 

AVG. 130,950 Cone 4631 .54 
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Figure 5.4 Different types of breaks observed during compression testing 
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Figure 5.5 Variation of compressive strength with fly ash replacement 
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Figure 5.7 0% Fly ash cylinder specimen before testing 
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Figure 5.8 0% Fly ash cylinder specimen after testing 

Figure 5.9 16% Fly ash cylinder specimen before testing 
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Figure 5.10 16% Fly ash cylinder specimen after testing 

Figure 5.11 40% Fly ash cylinder specimen before testing 
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Figure 5.12 40% Fly ash cylinder specimen after testing 

Figure 5.13 Typical Cone+Shear type failure 
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Figure 5.14 Typical Cone type failure 

Figure 5.15 Typical Shear type failure 
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CHAPTER 6- LOAD DEFLECTION BEHAVIOR AND ENERGY ABSORPTION 

6.1 Introduction 

The difficulty in determining the tensile strength of concrete derives from the fact 

that specialized grips have to be manufactured and bending has to be restricted. 

Therefore, the tensile strength is generally determined by indirect methods: the flexure 

test and the splitting tensile test. The first test mentioned is the subject of the current 

discussion. The second test will be discussed in Chapter 7. 

Because both indirect methods are used in this investigation, and because these 

methods tend to yield values which are higher that the "true" tensile strength under uni

axial loading, the current test was modified from the ASTM Standard C78-94 to 

incorporate steel reinforcement in a doubly-reinforced beam. Therefore, the deflection of 

the flexure member should give a reasonable approximation of field conditions for this 

material. In addition, the first crack load, as seen in Figure 6.1, will be correlated to the 

first crack moment capacity of the concrete and compared at a later stage with that value 

found using splitting tensile strength testing. 

Finally, an attempt was made here to compare the energy absorption capacity of the fly 

ash replacement concrete with that of no fly ash to determine the resilience of the 

material. To do so, the load deflection curve was plotted to find the deflection at first 

crack as per the ACI 318 code for a reinforced concrete beam. The equation for 

determining the energy absorption is: 
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Energy Absorption= (Area under P-d curve to first crack) 

The expected value for the Moment at first crack is: 

Mer expected= (7.5-.Jf c) lg/ Yt (6-1) 

Where: 

Yt = h/2 = 3 in 

From the results in Chapter 5, reproduced in Table 6.1, we can see the expected Mer, in 

psi, for the three mix designs, where the compressive strength was taken at 90 days. 

Table 6.1 Expected Mer for three mix designs 

Mix 

0% fly ash 3218 

16% fly ash 3678 

40% fly ash 4631 

Load. P 

Mer expected [lb-in.] 

15,300 

16,344 

18,360 

PmclX = loatl .lt fiast Clclck 

Pult = lo.1d .1t 
com1)lete t.1ilme 

Deflection. [I 

Figure 6.1 Load-deflection curve denoting the maximum load found at 151 crack. 
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6.2 Test arrangement and procedure 

Figure 6.2 show the arrangement of the flexure test. The size as prescribed by the ASTM 

C78-94 is a depth = one third the length of the span = 6 in. Since the beams cast are 30 

inches long and the reinforcement is 27 inches long, a span of 18 inches is a reasonable 

value. The loading rate for the extreme fiber stress was between 125 psi/min and 175 

psi/min. 

A total of 9 beams were tested to fust crack condition. The beams were centered 

on the testing frame with 6 inches overhang on either side of the support blocks. A check 

was performed for longitudinal alignment and levelness. 

The mid-span deflection was measured using a dial gage with an accuracy of one-

thousandth of an inch. At failure, the ultimate load and deflection were recorded and the 

data is given in Table 6.2 

6.5 

The calculated energy absorption capacities for the beams are presented in Table 

Steel 8 .111 
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Figure 6.2 Diagrammatic view of apparatus for flexure test by third-point loading method 
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The equation for moment at mid-span, M, which is constant between the top loading balls 

in figure 6.2, is: 

M=PL/6 (6-2) 

Figure 6.3 shows the shear and moment diagrams for the test arrangement and how the 

moment remains constant between the two loads of the third point arrangement. 

1:3 1:3 

PI:6 

~ 
Figure 6.3 Shear and moment diagrams for the loading condition 

The equation presented is applicable only if the fracture initiates in the tension surface 

within the middle third of the span length. L = length of the span is equal to 18 in.; b = 

average width of the specimen is equal to 6 in.; d = average width of the specimen is 

equal to 6 in. Figures 6.4 and 6.5 show the test set up for the experiment. A deflection 

gage is mounted to the test specimen at the mid span and records in a thousands of an 

inch. The readings were taken at intervals of 500 lb. until first crack was experienced. 

This was done to prevent the reinforcing steel from participating in the flexural strength, 

as this is a doubly reinforced beam. 
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Figure 6.4 Test Setup for flexural strength testing 

Figure 6.5 Deflection gauge records the center point deflection 
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6.3 Test results and discussion 

The results ofthe investigation are presented in Tables 6.2 thru 6.4. 

Design Moment= 60,720 in-lb. (Appendix II) 

Corresponding load P = 60,720 I 9 = 6747 lb 

Therefore, 2P = 13,493 lb 

Table 6.2 Results for moment at frrst crack of three mix designs. 

Mix f.m~ M Mer expected Ob-in.) 

0% fly ash 8,333 24,999 15,300 

16% fly ash 5200 15,600 16,344 

40% fly ash 9567 28,701 18,360 

The interesting trend to draw attention to is that all the lowest strength was 

experienced by the 16% fly ash specimens, not the 0% as would be expected. Figure 6.6 

shows the cracking moment as a function of fly ash replacement. As expected, the peak 

value is that with the highest percent replacement. However, there is a sharp drop in the 

flexural strength in the low volume range. The topic will be revisited in Chapter 7 when 

a companson can be made with the results of the splitting tensile strength of the 

specunens. 

The calculated values for the energy absorption capacities are presented in Table 

6.4. As can be seen, the trend is for greater toughness as the percentage of fly ash 

increases. However, the maximum value is found at the low volume percentage mix 

design. This would indicate that the Load-deflection behavior may favor the lower value 

of fly ash replacement. Fortunately, the scope of this investigation is to bring to light the 
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trend in the toughness as it relates to the durability of the material and therefore, the 

intricacies ofthis phenomenon can be investigated by future researchers. Needless to 

say, the variables such as fly ash quality, recycled aggregate impurity levels and the bond 

development between the steel reinforcement and the concrete, must all be isolated and 

studied further. 
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Figure 6.6 Cracking moment of the concrete with increase in fly ash replacement 
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Figure 6.7 Load-Deflection curves for three mix designs 

Table 6.3 Deflection and load at first crack. (Deflection in inches): 

First 
Crack 

500 1000 1500 2000 2500 3000 3500 First Load 
Specimen lbs. lbs. lbs. lbs. lbs. lbs. lbs. Crack (lbs.) 
0% 
#1 0.008 0.009 0.011 0.015 0.020 0.022 0.022 0.023 6200 
#2 0.006 0.014 0.025 0.028 0.031 0.032 0.033 0.050 9800 
#3 0.002 0.012 0.018 0.026 0.029 0.031 0.032 0.052 9000 
AVG. 0.005 0.012 0.018 0.023 0.027 0.028 0.029 0.042 8,333 
LVFA 
#1 0.004 0.010 0.016 0.019 0.022 0.024 0.027 0.042 7700 
#2 0.003 0.007 0.015 0.019 0.021 0.023 0.027 0.029 3900 
#3 0.003 0.009 0.012 0.018 0.020 0.023 0.026 0.031 4000 
AVG. 0.003 0.009 0.014 0.019 0.021 0.023 0.027 0.034 5,200 
HVFA 
#1 0.002 0.005 0.007 0.009 0.011 0.012 0.014 0.040 13,000 
#2 0.001 0.002 0.003 0.005 0.006 0.006 0.007 0.012 8100 
#3 0.004 0.005 0.006 0.009 0.010 0.012 0.012 0.027 7600 
AVG. 0.002 0.004 0.005 0.008 0.009 0.010 0.011 0.026 9,567 
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Calculation of area under the curve, seen in Figure 6. 7, is as follows: 

Area under curve until first crack: 

0% fly ash: Y:z (2000 x 0.021) + (0.013x2000) + Y:z (5600x0.013) = 83.4 lb-in. 

16% fly ash: Y:z ( 4800 x 0.031) = 74.4 lb-in. 

40% fly ash: Y:z (9200 x 0.024) = 110.4lb-in. 

Table 6.4 Calculated values for energy absorption capacity, EAC 

Mix Pmax EAC 

0% fly ash 8,333 83.4 

16% fly ash 5,200 74.4 

40% fly ash 9,567 110.4 

Figures 6.8 and 6.9 show the beam after experiencing first crack. A visible crack 

propagates from between the two loading balls, confirming are earlier prediction. Our 

assumptions about crack location were based on the fact that a constant moment is 

experienced at the center of the beam. Refer to figure 6.3 to see the moment diagram. 

The significance of the findings is two fold. Firstly, it is clear that there is a 

definite advantage in energy absorption when using HVF A recycled aggregate concrete 

as opposed to no fly ash or L VF A. This ability to absorb energy correlates to the impact 

resistance of the material and indicates that HVF A recycled aggregate concrete is a good 

candidate for structural members that must resist impact loading. Secondly, the results 

indicate that L VF A is weaker in absorbing energy, however looking at the load

deflection curve of figure 6.7, we see that LVFA recycled aggregate has a better 

performance than 0% fly ash up until 0.032 inches deflection. 
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Figure 6.8 Flexural crack at center point of beam 

Figure 6.9 Flexural crack after first crack condition 
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CHAPTER 7- SPLIT TENSION TEST PROGRAM .-\.., 

7.1 Introduction 

As mentioned in Chapter 5. many of concrete ·s properties are measured from its 

compressive strength. With that said. Concrete's tensile strength is often taken as 6. 7 

times the square root of its compressive strength. [ ACI Materials Journal , 2006] Using 

this equation. we can calculate the expected tensile strength of the specimens. prior to 

testing. A summary of the calculation is found in Table 7.1. 

Table 7.1 Expected Splitting Tensile Strength 

Mix 

0% fly ash 

16% fly ash 

40% fly ash 

3218 

3678 

4631 

The equation for the splitting tensile strength, fi is: 

fi = 2PhtLD 

fi expected 

380 

406 

455 

(7-1) 

where L = length of the cylinder (12in.) and D =diameter of the cylinder (6in.) 

7.2 Test arrangement and Procedure 

The procedure follows that recommended by ASTM C496 "Standard for Splitting 

tensile strength of Concrete". The unit weight and compressive strength of the 6 in x 12 
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in. cylinders are known from prior discussions to be 147.95 lb I cu.ft and in a range of 

[3218 - 4631 psi]., respectively. 

The steps followed for the test are as follows: 

Step One: Diametric lines are drawn on each side of the specimen so that they are the 

same axial plane. 

Step Two: A plywood strip is then centered along the center of the lower bearing block. 

Step Three: The specimen is placed on the plywood strip and aligned so that the lines 

marked on the ends are vertical and centered over the plywood strips. 

Step Four: A second plywood strip is placed lengthwise on the cylinder, centered on the 

lines marked on the ends. 

Step Five: A load is continuously applied at a constant rate of 100 - 200 psi/min. until 

failure occurs (about 3 - 6 minutes). 

The maximum loads experienced and the calculated splitting tensile strength are found in 

Tables 7.1 and 7.2. Figure 7.1 shows the test set up prior to split tensile testing. 

Figure 7.1 Split Tension test setup 
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7.3 Test results and discussion 

The test results, showing the maxjmwn load applied at the 6me of tensile failure, 

are presented in Table 7.2 As discussed in chapter 6, the Low volwne fly ash concrete 

exhibited the lowest splitting tension strength values. A plot of the increase in splitting 

tension strength with increase in replacement of fly ash is found in Figure 7 .2. The 

calculated values of Splitting tension strength are found in Table 7.2. 

Table 7.2 Split Tension Test Results 

Maximum 
Specimen (lbs) 

0% 
#1 60,000 

#2 57,000 

#3 60,000 
AVG. 59,000 
LVFA 

#1 72,000 
#2 48,000 
#3 54,000 
#4 51,000 
#5 51,000 

AVG. 55,200 

HVFA 
#1 63,000 
#2 69,000 

#3 66,000 
AVG. 66,000 

Figures 7.3 and 7.4 show the results for the split tension testing. The specimens 

experienced an even split along there axes with very little fragmentation. 
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Figure 7.2 Effect of fly ash replacement on the splitting tensile strength of specimens 

Table 7.3 Calculated Splitting Tensile Strength, ft. 

Mix 

O%fly ash 59,000 521 

16% fly ash 55,200 488 

40%fly ash 66,000 583 
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Figure 7.3 Specimen after testing 

Figure 7.4 All specimens after testing completed. 

The results of both this test and the test program in chapter 6 are reproduced in 

figure 7.5 for comparison and discussion. 
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Figure 7.5 A comparison ofthe splitting tensile strength (left) and cracking 

moment capacity (right), designating "flexural strength". 

One possible explanation for the characteristics exhibited in tension could be the 

build-up of cohesive forces that is experienced by a high volume fly ash mixture and a 

mixture with a relatively large amount of Portland cement. The 0% replacement mixes 

contained the largest amount ofPortland cement. Therefore, the pozzolanic nature of the 

cement kept the specimen from splitting in tension so readily. Also, the fly ash, when in 

quantities of a magnitude > 200 lb I cu. yd. react similarly to cement, binding the 

aggregate in such a way to prevent tensile failure. In conclusion, it could be 

hypothesized and proven in future research that the two pozzolans, Portland cement + fly 

ash, do not complement each other but rather replace each other on a one to one basis. A 

blended mix of fly ash and Portland has been attempted by other researchers, and could 

lead to conclusively different results. 
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CHAPTER 8- CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 

RESEARCH 

8.1 Conclusions 

This investigation demonstrates that the use of high volume fly ash in recycled aggregate 

concrete significantly improves: 

i) compressive strength, regardless of curing time 

ii) the resistivity of the concrete to chloride ion penetration and therefore 

increase the protection for the embedded reinforcement 

iii) the moment capacity of structural members, such as reinforced concrete 

beams, and 

iv) the splitting tensile strength 

In addition, it can be said that HVF A recycled aggregate concrete has comparable 

compressive strengths to normal aggregate concrete without fly ash. In conclusion, even 

though 85% of HVF A recycled aggregate concrete is made from waste materials, it is 

still a viable structural material. 

8.2 Future optimization of mix design 

The general consistency and workability of the mix was acceptable and the ability to 

group together the fine and coarse aggregate proportions of the mix have cost saving 

benefits in the field in the form of energy and time. However, the grading of the sieve 
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analysis performed in Chapter 1 can be compared with the ASTM recommended grading 

for fine aggregate, as seen in Table 8.1. When this is done, one sees that the No. 8, 16 

and 50 sieves are slightly lower than the recommended values by the ASTM standard. 

This would indicate that by adding some amounts of natural sand fine aggregate to the 

recycled aggregate in those size ranges may improve the characteristics slightly. 

Table 8.1 Grading Requirement for Fine Aggregate from ASTM C 33 

Sieve Amounts ASTM 
Size Finer, % Recommended 

% 

3/8 in. 100 100 
No.4 100 95 to 100 
No.8 63 80 to 100 

No. 16 38 50 to 85 
No. 30 21 25 to 60 
No. 50 3 10 to 30 

No. 100 0 2 to 10 

8.3 Compressive strength 

No changes are necessary to the experimental program covered in this investigation 

regarding the compressive strength testing. Three mix designs with three specimens per 

mix design were created and conclusive data was acquired. The ASTM C39 Standard 

gives the best guidelines and most widely accepted results of any test available. 

8.4 Third-point static loading 

The ASTM Standard C78-94 could be performed without a doubly-reinforced beam to 

see the effect, if any, that the compression steel might have on the results. However, the 

development of bond and the better understanding of the toughness indices would be very 

important to understanding the field performance of this material. 
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8.5 Split tension 

No changes would be made to the experimental program used in this study in regards to 

the splitting tensile test, however, this test can be replaced by a uni-axial tension test, 

which requires the manufacture of special grips and a mold to create the required shape, 

as seen in Figure 8.1 

Figure 8.1 Uni-axial test for the tensile strength of a concrete test specimen. 

8.6 Chloride-Ion Penetration 

The ASTM Standard C 1202-94 could be performed using a 4 in. cylinder cut using a 

concrete diamond-blade saw into a section 2in.+ 2xl.625 in. long to allow better control 

of the fluid reservoir and a more refined reading of the charge passed. 

8. 7 Recommendations for future research 

A main theme of this investigation was the reduction of the Portland cement 

requirements by the use of an alternative pozzol~ fly ash. In addition, it was seen that 

the maximum strength gain was at 40% replacement. Additional mix designs could 

increase the replacement all the way to 100% in order to find the peak strength gain and 

thus, the optimum mix design using solely fly ash replacement. Caution must be given to 

the tendency of mixes made with fly ash to effloresce, which is the loss of water of 
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crystallization to the atmosphere on exposure to air, especially when used as a complete 

replacement for Portland cement [Toolbase, 2008]. A hypothetical mix design is 

presented in Table 8.2. 

Table 8.2 Mix design for future research 

MIX w/c+p Water Cement Fly Ash Recycled Total 
DESIGN# ratio [lb/cu.yd.] [lb/cu.yd.] [lb/cu.yd .] Aggregate Weight 

[lb/cu.yd] [lb/cu.yd .] 

1 (0% F.A.} 0.45 305 677.78 0 3558.3 4471.34 

2 {16% 
F.A.} 0.45 305 569.63 108.4 3558.3 4471.34 

3 (40% 

F.A.} 0.45 305 406.8 271.1 3558.3 4471.34 

4 (50% 

F.A.} 0.45 305 339.0 , . 338.9 3558.3 4471.34 
5 {70% 

... . 
F.A.} 0.45 305 203.4 ·~ 474.4 3558.3 4471.34 

6(88% ~j 
F.A.} 0.45 305 81.3 J 596.4 3558.3 4471.34 

7(100% 

F.A.} 0.45 . 305 0 ·J ' ' 677.78 3558.3 l. 4471.34 
' - \ . 

Alternatively, and possibly after the optimum fly ash replacement is discovered, future 

researchers can seek out another pozzolanic materials to combine with fly ash to 

completely eliminate the need for Portland cement. A very promising option is the use of 

limestone paste as a pozzolan. An ancient technology, dating back to 1200 B.C. 

Mycenaean Greece, this material behaves very much as Portland cement does and could 

be used as a substitute. The chemical reaction described in Chapter 1 concluded that the 

addition of Lime would allow the Class F fly ash to continue to consume Calcium 

Hydroxide and thus increase its effectiveness. A hypothetical mix design would require 

knowledge of the optimum water to lime (1) ratio prior to its development and thereafter a 

w I (l+p) ratio can be created. 
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APPENDIX I (RESISTANCE TO CHLORIDE READINGS) 
Time Voltage Charge a 
(sec.) M Current (A) (Coulombs) corrected 
HVFA 

#1 
0 60 0.0121 10.89 4.2539063 

30 60 0.02156 49.698 19.413281 
60 60 0.03656 115.506 45.119531 
90 60 0.037 182.106 71 .135156 

120 60 0.03788 250.29 97.769531 
150 60 0.03821 319.068 124.63594 
180 60 0.03871 388.746 151 .85391 
210 60 0.03967 460.152 179.74688 
240 60 0.04054 533.124 208.25156 
270 60 0.04072 606.42 236.88281 
300 60 0.04081 679.878 265.57734 
330 60 0.0407 753.138 294.19453 
360 60 0.04092 826.794 322.96641 

HVFA 
#2 
0 170.4 38.26 4.453737585 

30 
60 166.9 101 .768293 1.64 
90 
120 167.9 106.265823 1.58 
150 
180 169.2 109.16129 1.55 
210 
240 166.6 112.567568 1.48 
270 
300 166.5 113.265306 1.47 
330 
360 166.7 113.7 1.466138962 

HVFA 
#3 
0 170.4 38.26 4.453737585 

30 
60 169.8 121.8 1.39408867 
90 
120 169.8 121 .8 1.39408867 
150 
180 168.7 119.8 1.408180301 
210 
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240 170.5 121.4 1.4044481 05 
270 
300 167.3 118.6 1.410623946 
330 
360 166.8 117.3 1. 421994885 

Time Voltage Current Charge 
(sec.) M (A) (Coulombs) Q corrected 
0%#1 

0 60 0.01351 12.159 4 .74960938 
30 60 0.02678 60.363 23.5792969 
60 60 0.0399 132.183 51 .6339844 
90 60 0.04042 204.939 80.0542969 

120 60 0.04077 278.325 108.720703 
150 60 0.04113 352.359 137.640234 
180 60 0.04181 427.617 167.037891 
210 60 0.04227 503.703 196.758984 
240 60 0.04289 580.905 226.916016 
270 60 0.04294 658.197 257.108203 
300 60 0.04295 735.507 287.307422 
330 60 0.04303 812.961 317.562891 
360 60 0.04295 890.271 347.762109 

0%#2 
0 166.7 34.86 4. 781985083 

30 
60 166.9 111 .2 1.500899281 
90 
120 167.9 114.1 1.471516214 
150 
180 169.2 117.9 1.435114504 
210 
240 166.6 119.1 1.398824517 
270 
300 166.5 119.2 1.396812081 
330 
360 167.9 120.2 1.396838602 

0%#3 
0 166.7 34.86 4.781985083 

30 
60 166.3 116.7 1.425021422 
90 

120 166.3 116.7 1.425021422 
150 
180 166.3 116.7 1.425021422 
210 
240 166.8 118.5 1.407594937 
270 
300 166.8 118.5 1.407594937 
330 
360 166.4 118.4 1.405405405 
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APPENDIX U (DESIGN OF FLEXURE SPECIMEN) 

16Ga stirrup 
'\ 

#2 rebar 
_'1,. 

\ I 1/ I I I I I 
I 

" 1.s·· 30" 

4.2s·· 

T 
I I 
i' c 

6" 

l b Gt- 1.1 25" 
t---6'' -----1 

Cover of concrete = 1 in. 

Area of rebar: 

Top has #2 rebar, area = 0.05 in2 

Bottom has #3 rebar, area= 0.11 in2 

I 

Here both tension and compression steel have different area, thus we proceed as follows: 

First, find tension - steel ratio, p 

Next find maximwn Pb allowed: 
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-+ preq·d = AJbd = 0. 75 

r c = 5000 psi, fy = 60,000 psi 

Pb = 0.85~ (f clfy)(87,000/(87,000-fy)] 

~ = 0.85 - 0.05 (f c- 4000)/l 000 = 0.80 

Pb = 0.0335 = 3.35% 

Preq"d = 0.75% 

Pmax = 0. 75pb = 2.52% = Pb.allowed 

Preqd < Pb.allowed Therefore, no compression steel is required. 

a= fy Asl (~f cb) = 0.55 in. which is the depth of the stress block 

Assuming onJy yielding in tension steel : Mu = Asfy (d- a/2) = 60.720 in-lb. 

(d = 6 - 1.125 = 4.875 in.) 

P = Mu/9 = 6747lb 

Therefore, total load = 2P = 13,493 lbs. 

Assuming both compression and tension steels yield: 

As= 0.22 and A's= 0.10 

A's = M' u I (fy(d-d')) 

M'u = A's fv(d-d') 

= 22,125 in-lb. 

Mu = 60,720 in-lb 

M = Mu + M' u = 82,845 in-lb 

p = M/9 = 9,205 

Thus total load= 2P = 18,410 lbs. 
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APPENDIX III (DESIGN OF SHEAR REINFORCMENT) 

From Appendix I, Mu = 60,720 in-lb 

Assume failure at: P ul/4 = 60,720 in-lb. 

-+ Pu = 8995 lb. 

Vu = 4497.8Jb; Vn = Vul0.75 = 5997lb 

v c = 2..Jf c bw d = 4454.8 lb. 

p 
u 

27 in. 

Vel 2 = 2227.4lb < Vn = 5997lb (Therefore, stirrups are necessary) 

V n = V c + V s = 2..Jf cbw<i + Avfytdls 

Assume nine stirrups evenly spaced, 27in./ 8 spaces= 3.325" 

Vn = 4454.8 + 2(0.0123)60,000*4.875 I 3.325 = 6586.8lb 

V u = q> V n = 0. 75*6586.8 = 4940.1 lb > V u =4497 .8 

OK. Adopt design. Nine 16 Ga two-legged stirrups @ 3.325" center to center 

spacing 
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